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CXCR3 is a G-protein-coupled seven-transmembrane domain chemokine receptor that plays an important
role in effector T-cell and NK cell trafficking. Three gamma interferon-inducible chemokines activate CXCR3:
CXCL9 (Mig), CXCL10 (IP-10), and CXCL11 (I-TAC). Here, we identify extracellular domains of CXCR3 that
are required for ligand binding and activation. We found that CXCR3 is sulfated on its N terminus and that
sulfation is required for binding and activation by all three ligands. We also found that the proximal 16 amino
acid residues of the N terminus are required for CXCL10 and CXCL11 binding and activation but not CXCL9
activation. In addition, we found that residue R216 in the second extracellular loop is required for CXCR3-
mediated chemotaxis and calcium mobilization but is not required for ligand binding or ligand-induced
CXCR3 internalization. Finally, charged residues in the extracellular loops contribute to the receptor-ligand
interaction. These findings demonstrate that chemokine activation of CXCR3 involves both high-affinity
ligand-binding interactions with negatively charged residues in the extracellular domains of CXCR3 and a
lower-affinity receptor-activating interaction in the second extracellular loop. This lower-affinity interaction is
necessary to induce chemotaxis but not ligand-induced CXCR3 internalization, further suggesting that dif-
ferent domains of CXCR3 mediate distinct functions.

Chemokines, or chemoattractant cytokines, are a family of
small (8- to 10-kDa) secreted proteins that play an important
role in the recruitment and activation of leukocytes (29). Ap-
proximately 50 chemokines have been described, and these
chemokines interact with some redundancy with 20 G-protein-
coupled chemokine receptors. The chemokine system, with its
ability to control the migration of leukocytes, plays a critical
role in both innate and adaptive immunity.

CXCR3 is a chemokine receptor that is expressed on the
surface of a number of cell types, including activated CD4�

and CD8� T cells, NK and NK-T cells, plasmacytoid dendritic
cells, and some B cells (26, 27, 38, 45). CXCR3 is activated by
three related chemokines: CXCL9, CXCL10, and CXCL11 (9,
26, 27, 38, 45). Each of these ligands is induced by gamma
interferon and is produced in Th1-type immune responses (9,
14, 31). CXCR3 has been localized to infiltrating effector T
cells in a wide variety of human inflammatory diseases, includ-
ing atherosclerosis (32), rheumatoid arthritis (38), multiple
sclerosis (3, 43), heart and lung transplant rejection (1, 22, 50),
and psoriasis (17). The CXCR3 ligands have similarly been
identified in these same lesions (1, 17, 20, 32, 36), leading to
the hypothesis that this receptor-ligand system plays an impor-
tant role in the recruitment of effector T cells into these le-
sions, resulting in T-cell-mediated inflammation. Supporting
this hypothesis, CXCR3-deficient mice were protected from
heart allograft transplant rejection and autoimmune type 1
diabetes mellitus in murine models (19, 23). Likewise, using
CXCL10-deficient mice and inhibitory monoclonal antibodies,

CXCL10 was shown to play a similar role in these same models
(8, 22) as well as small bowel allograft rejection (48, 49) and
the host response to Toxoplasma gondii and murine hepatitis
virus (13, 24, 25). Together, these data support a critical role for
both CXCR3 and its ligands in T-cell-mediated inflammation.

Our previous work has shown that the three CXCR3 ligands
induce differential internalization of CXCR3 (10, 40). CXCL10-
and CXCL9-induced internalization proceeds through the dy-
namin/�-arrestin 1 pathway, while CXCL11-induced CXCR3
endocytosis is dynamin and �-arrestin independent (10, 40). Ad-
ditionally, we found that CXCL10- and CXCL9-induced CXCR3
internalization requires the C terminus of CXCR3, while
CXCL11-induced CXCR3 internalization is independent of
the C terminus and instead requires the third intracellular loop
of CXCR3 (10). These data demonstrate that the different
ligands of CXCR3 induce different downstream effects that
may contribute to their biological differences.

Multiple receptor domains are required for chemokine-che-
mokine receptor interactions. CCL2 binds the CCR2 N termi-
nus with high affinity and subsequently binds the second extra-
cellular loop with lower affinity to induce receptor activation
(34). Similarly, CXCL12 binds to the N terminus of CXCR4
and requires residues in the second extracellular domain to
activate signaling (12). These results support a two-step mech-
anism of chemokine receptor activation similar to the model
originally proposed for C5a receptor activation (42).

Posttranslational modifications have been shown to be im-
portant for chemokine receptor function. Tyrosine sulfation of
the N termini of some chemokine receptors has been shown to
be essential for chemokine binding and receptor activation (15,
16, 18, 21, 37). This posttranslational modification is also es-
sential for human immunodeficiency virus type 1 entry through
CCR5 and CXCR4 (16) and the binding of the Duffy antigen/
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receptor of chemokines to the Duffy binding proteins of Plas-
modium (7).

The roles of the extracellular domains of CXCR3 have pre-
viously been evaluated by analyzing the binding and function of
chimeric CXCR3-CXCR1 receptors (47). In those studies,
each of the extracellular domains played a role in the binding
of the CXCR3 ligands, while the second extracellular loop was
important for receptor activation (47).

To further analyze CXCR3 function, we have used site-
directed mutagenesis of CXCR3 to systematically analyze each
extracellular domain of CXCR3 and identify residues impor-
tant for ligand binding and receptor activation. We determined
that tyrosine sulfation of the N terminus is essential for acti-
vation by all three ligands and that a sulfated peptide corre-
sponding to residues 18 to 37 of the CXCR3 N terminus
inhibits CXCR3 function. Furthermore, we identified residue
R216 in the second extracellular loop as essential for receptor
activation but not for ligand binding or ligand-induced CXCR3
internalization. Finally, we found that charged residues in the
extracellular loops contribute to ligand binding.

MATERIALS AND METHODS

Reagents. Recombinant human CXCL9, CXCL10, and CXCL11 were pur-
chased from Peprotech (Rock Hill, NJ). The phycoerythrin (PE)-conjugated
anti-CXCR3 antibody 1C6 was purchased from R&D Systems (Minneapolis,
MN). The bovine-preprolactin-FLAG plasmid was a gift of Israel Charo (Uni-
versity of California at San Francisco). The retroviral expression vector pMigR
and the packaging cell line Phoenix were gifts of Gary Nolan (Stanford Univer-
sity). Peptides corresponding to the CXCR3 N terminus were obtained from
Synpep (Dublin, CA).

Cells. 300-19 cells are a murine pre-B-cell leukemia cell line that functionally
expresses CXCR4 and, following transfection, can functionally express other
chemokine receptors (2, 39). 300-19 cells were grown in complete RPMI medium
containing 10% fetal bovine serum (FBS).

Plasmids and mutagenesis. All receptors used in this study are derived from
human CXCR3. A cDNA encoding CXCR3 was inserted into the KpnI and
EcoRI restriction sites in the multicloning site of pcDNA3.1 (Invitrogen, Carls-
bad, CA). Point mutations were introduced into CXCR3 by using the
QuikChange mutagenesis kit from Stratagene (La Jolla, CA) and oligonucleo-
tides encoding the specific changes. The N-terminal truncation of CXCR3, V16-
CXCR3, was constructed using a forward PCR primer starting at base 48 of the
CXCR3 coding sequence. Chimeric genes encoding the bovine preprolactin
signal sequence and the FLAG tag upstream of CXCR3 were constructed by
ligating the preprolactin and FLAG genes to CXCR3 at a SalI site. Prolactin-
FLAG (PF)-CXCR3 and PF-V16-CXCR3 were subcloned into the retroviral
expression vector pMigR between the XhoI and EcoRI restriction sites. All
constructs were sequenced bidirectionally.

Transfections. pcDNA3.1-based constructs were transfected stably into 300-19
cells by electroporation. 300-19 cells (1 � 107) were incubated with 10 �g of
linearized CXCR3/pcDNA3.1 constructs for 10 min on ice and electroporated
using a Bio-Rad (Hercules, CA) Gene Pulser II at 200 V and 1,000 mF in a
0.2-cm-gap electrode cuvette (Bio-Rad). Following electroporation, the cells
were grown in RPMI medium containing 10% FBS for 24 h, at which time 80
�g/ml G418 (Mediatech) was added for selection.

Retroviral transductions. The ecotropic packaging cell line Phoenix was tran-
siently transfected with PF-CXCR3 or PF-V16-CXCR3 in pMigR using Fugene
6 (Roche). The supernatants were collected 72 h after transfection and spun at
1,500 rpm for 10 min to remove any cells. Two hundred microliters of superna-
tant containing approximately 100,000 CFU per ml was added to 20,000 300-19
cells in the presence of 5 �g/ml Polybrene. The cells were spun for 90 min at
2,000 rpm. Forty-eight hours after infection, more than 90% of the cells were
infected and expressed CXCR3.

Enrichment of CXCR3 or CXCR3 mutant-expressing cells. Transfected cells
(5 � 106) were stained with 3 �l of the CXCR3 antibody 1C6 conjugated to PE
(R&D Systems, Minneapolis, MN) in phosphate-buffered saline (PBS) contain-
ing 10% goat serum for 30 min at 4°C. The stained cells were washed and then
incubated with microbeads coupled to an anti-PE antibody, and CXCR3-express-
ing cells were positively selected over a MACS LS column according to the

manufacturer’s protocol (Miltenyi Biotec, Auburn, CA). The positively selected
cells were then cultured in complete RPMI medium without G418.

Cell surface and intracytoplasmic expression of CXCR3 and CXCR3 mutants.
Cultured cells were resuspended in 100 �l of fluorescence-activated cell sorter
buffer (PBS without calcium and magnesium) containing 1% bovine serum
albumin (BSA), 0.1% sodium azide, and 10% goat serum. Cells were incubated
for 5 min at room temperature. The anti-CXCR3 antibody 1C6, conjugated to
PE or allophycocyanin (APC) (R&D Systems), was added to the cells, which
were then incubated at 4°C for 30 min. For PF-V16-CXCR3 and PF-CXCR3, the
anti-FLAG antibody M2 (Sigma) conjugated to biotin and streptavidin conju-
gated to APC were used to determine cell surface expression. The cells were
washed twice in PBS and subsequently fixed by resuspension in PBS with 2%
paraformaldehyde. Receptor cell surface expression was measured on a FACS-
Calibur flow cytometer (BD Biosciences, San Jose, CA), and the data were
analyzed using FlowJo (Treestar, Ashland, OR). For total CXCR3 expression,
cells were fixed in 2% paraformaldehyde, permeabilized using the Fix and Perm
kit (Caltag, Burlingame, CA), stained with anti-CXCR3 antibody 1C6 conju-
gated to APC, and measured in a FACSCalibur flow cytometer, and the data
were analyzed using FlowJo (Treestar).

Binding assays. Binding assays were performed as previously reported (6).
Briefly, 400,000 wild-type or mutant CXCR3/300-19 cells were placed into 96-
well tissue culture plates in a total volume of 150 �l of binding buffer (0.5% BSA,
5 mM MgCl2, 1 mM CaCl2, 50 mM HEPES, pH 7.4). A total of 0.04 nM of
125I-labeled CXCL10 (New England Nuclear, Boston, MA) or CXCL11 (Amer-
sham Biosciences, Piscataway, NJ) and 5 � 10�6 nM to 500 nM of unlabeled
CXCL10 or CXCL11 (Peprotech, Rocky Hill, NJ) were added to the cells and
incubated for 90 min at room temperature with shaking. The cells were trans-
ferred onto 96-well filter plates (Millipore, Billerica, MA) that were presoaked in
0.3% polyethyleneimine and washed three times with 200 �l binding buffer
supplemented with 0.5 M NaCl. The plates were dried, and the radioactivity was
measured after the addition of scintillation fluid in a Wallac Microbeta scintil-
lation counter (Perkin-Elmer Life Sciences, Boston, MA). The data were ana-
lyzed using Grafit (Erithacus Software Ltd., Staines, United Kingdom). Each
experiment was performed in duplicate and repeated at least twice.

Chemotaxis assays. Chemotaxis assays of 300-19 cells were performed in
96-well Neuroprobe chemotaxis chambers with 5-�m-pore-size polycarbonate
membranes (Neuroprobe, Gaithersburg, MD) as previously reported (10). Thirty-
one microliters of RPMI medium containing 1% BSA and chemokines was
placed in the bottom chamber of the device according to the manufacturer’s
directions. About 25,000 cells were layered onto the top of the membrane in
RPMI medium containing 1% BSA. The chambers were then incubated at 37°C
for 5 h. The top of the filter was washed with deionized water, and the chambers
were subjected to centrifugation at 1,500 rpm for 5 min. The filters were re-
moved, and medium was aspirated. The chambers were then frozen at �80°C for
at least 1 h. Twenty microliters of CyQuant dye mix (Molecular Probes, Eugene,
OR) was added to each well of the Neuroprobe chamber. Following a 2-h
incubation period, the fluorescence was measured using a CytoFluor fluorescent
plate reader (Applied Biosystems, Foster City, CA). For each experiment, a
cellular titration curve was completed to ensure that the fluorescence reading
was in the linear range of the CyQuant dye, and the background fluorescence was
subtracted from the readings for each sample. The chemotactic index was de-
termined by dividing the fluorescence at each chemokine concentration by the
fluorescence when no chemokine was added. Chemotaxis data were statistically
analyzed using analysis of variance (ANOVA).

Calcium flux. Wild-type or mutant CXCR3/300-19 cells (5 � 106) were resus-
pended in 2 ml of RPMI medium with 1% BSA. Fifteen micrograms of Fura-2
(Molecular Probes, Eugene, OR) was added, and the cells were incubated at
37°C for 20 min. The cells were washed twice in PBS and resuspended in 2 ml of
calcium flux buffer (145 mM NaCl, 4 mM KCl, 1 mM NaHPO4, 1.8 mM CaCl2,
25 mM HEPES, 0.8 mM MgCl2, and 22 mM glucose). Fluorescence readings
were measured at 37°C in a DeltaRAM fluorimeter (Photon Technology Inter-
national, Lawrenceville, NJ). Before and after the addition of chemokines, in-
tracellular calcium concentrations were recorded as the excitation fluorescence
intensity emitted at 510 nm in response to sequential excitation at 340 nm and
380 nm and are presented as the relative ratio of fluorescence at 340 nm to that
at 380 nm.

Internalization. Internalization assays were performed as previously reported
(10). A total of 2.5 � 105 wild-type CXCR3/300-19 or mutant CXCR3/300-19
cells in RPMI medium with 1% BSA were incubated with various concentrations
of CXCL10, CXCL11, or CXCL9 for 30 min at 37°C. Following the incubations,
the cells were washed with ice-cold fluorescence-activated cell sorter buffer and
subsequently analyzed for surface expression of CXCR3 using the PE-conjugated
CXCR3 antibody 1C6 as described above.
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Actin polymerization. A total of 1 �105 wild-type CXCR3/300-19 or mutant
CXCR3/300-19 cells in RPMI medium with 1% BSA were incubated with
CXCL10, CXCL11, or CXCL9 (10 nM) for the indicated times at 37°C. Follow-
ing the incubations, the cells were fixed with 2% paraformaldehyde, permeabil-
ized with Fix and Perm (Caltag), and stained with phalloidin-APC (Molecular
Probes). F-actin polymerization was subsequently measured by flow cytometry in
a FACSCalibur flow cytometer, and the data were analyzed using FlowJo (Tree-
star). F-actin polymerization was determined by calculating the mean fluores-
cence index of the cells at each time point following stimulation with chemokine.

Sulfation. 300-19 cells (10 � 106) stably transfected with wild-type CXCR3 or
Y27AY29A-CXCR3 were grown in minimal essential medium without sulfate
and containing 10% FBS. A total of 500 �Ci of [35S]sulfate was added to each
sample. Four hours later, the cells were washed in PBS, and cellular extracts were
made. Briefly, cells were lysed in PBS containing 1% n-dodecyl-�-maltoside plus
protease inhibitors. Following cell lysis, extracts were cleared by centrifugation,
and proteins were immunoprecipitated using 3 �g of the monoclonal anti-
CXCR3 antibody 1C6 (R&D Systems, Minneapolis, MN). Following overnight
incubation at 4°C, the immunoprecipitates were captured using the Seize kit
(Pierce, Rockford, IL) and resolved by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Gels were dried on a vacuum gel drier
and subsequently exposed to autoradiography film for 24 h.

RESULTS

Tyrosine sulfation is required for CXCR3 function. Several
chemokine receptors, notably, CCR5 and CXCR4, have been
shown to be sulfated at tyrosine residues in their N termini. To
explore the possibility that CXCR3 is sulfated, the amino acid
sequence of CXCR3 was examined using an online computer
program to identify potential tyrosine sulfation sites (28). The
program determined that CXCR3 is likely sulfated at N-ter-
minal residues Y27 and Y29. These residues are conserved
between human and mouse CXCR3. We have found that both
human and mouse CXCL9, CXCL10, and CXCL11 activate
human and murine CXCR3 equivalently, suggesting the con-
servation of structure and function (data not shown).

To test the importance of these residues in CXCR3 ligand
binding and function, CXCR3 mutants Y27F-CXCR3, Y29F-

CXCR3, Y27FY29F-CXCR3, and Y27AY29A-CXCR3 were con-
structed. The sequence encoding tyrosines 27 and 29 was replaced
with that encoding phenylalanines (Y27F-CXCR3, Y29F-CXCR3,
and Y27FY29F-CXCR3) or alanines (Y27AY29A-CXCR3) using
the QuikChange site-directed mutagenesis kit, and the cDNA
was stably transfected into 300-19 B cells. Total and extracel-
lular expression of Y27F-CXCR3, Y29F-CXCR3, Y27FY29F-
CXCR3, and Y27AY29A-CXCR3 was similar to wild-type
CXCR3 expression (Table 1 and data not shown). CXCL10 and
CXCL11 binding to Y27FY29F-CXCR3 and Y27AY29A-CXCR3
was not detected (Table 1). CXCL9 binding assays were not
performed, as there is no commercially available 125I-labeled
preparation of this chemokine, and we were unable to obtain
biologically active 125I-labeled CXCL9 or Alexa-labeled CXCL9.

CXCL10, CXCL9, and CXCL11 were tested for their ability
to induce chemotaxis of Y27FY29F-CXCR3/300-19 cells.
These chemokines induced no significant chemotaxis of these
cells (Fig. 1). The ability of CXCL10, CXCL9, and CXCL11 to
induce calcium mobilization in Y27AY29A-CXCR3 was also
tested. No calcium signal was seen following stimulation with
these chemokines, although a robust signal was apparent fol-
lowing CXCL12 stimulation of the same cells (data not
shown). Furthermore, CXCL10-, CXCL9-, and CXCL11-in-
duced Y27FY29F-CXCR3 internalization was significantly re-
duced compared to that of wild-type CXCR3 (Table 2). These
data demonstrate that despite a high level of cell surface ex-
pression, Y27FY29F-CXCR3 does not bind CXCL10, CXCL9,
or CXCL11, and these chemokines did not bind or induce
signaling through this mutant receptor.

To further delineate the relative importance of Y27 and Y29
for CXCR3 tyrosine sulfation and ligand interactions, phenyl-
alanine was substituted for Y27 and Y29 individually (Table 1).
CXCL10 binding was not detected on Y27F-CXCR3/300-19
cells (Table 1). CXCL10 binding was reduced significantly on

TABLE 1. Expression, chemokine binding, and ligand-induced chemotaxis of CXCR3 and CXCR3 mutantsa

Receptor

Conserved
between
human

and mouse?

% WT surface
expression

on transfected
300-19 cells

CXCL10 CXCL11 % WT
chemotaxis
at 10 nM
CXCL9

IC50 (nM) % WT
binding

% WT
chemotaxis at

1 nM CXCL10
IC50 (nM) % WT

binding

% WT
chemotaxis at

10 nM CXCL11

CXCR3 NA 100 0.062 � 0.06 100 100 0.5 � 0.138 100 100 100
V16 NA 248 � 32 NC 12 � 0 12.5 � 2 NC 20 � 28 15.7 � 2 114 � 18
Y27F Y 106 � 30 NC 0 20 � 7 NA NA 13 � 17 1.1 � 5
Y29F Y 116 � 50 NC 17 � 3 10 � 3 NA NA 22 � 4 1.1 � 5
Y27FY29F Y 94 � 16 NC 0 12 � 10 NA NA 13 � 8 6 � 5
Y27AY29A Y 107.5 � 43 NC 0 0 NC 0 0 0
E4K Y 140 � 35 0.049 � 0.16 85 � 0.21 97 � 4 1.2 � 0.58 110 � 21 97 � 8 78 � 15
E21K Y 125 � 64 0.108 � 0.16 90 � 0 58 � 11 1.82 � 2.1 75 � 25 43 � 6 142 � 14
D112K Y 100 � 35 NC 0 2 � 0.5 NC 0 0 � 0.9 15 � 9
D112A Y 77.3 � 8.3 NC 0 24 � 7 NC 0 14 � 3 14 � 8
R197A Y 128 � 63 NC 0 3.7 � 1 NC 0 8 � 0.5 6 � 0.4
R212A Y 102 � 7.5 NC 0 2.9 � 0.6 NC 0 35 � 5 18 � 4
R216A Y 121 � 30 0.016 50 18 � 5 1.35 � 1.8 100 � 10 13 � 3 12 � 4
D278K Y 105 � 10 NC 0 1.5 � 6 NC 0 3 � 4 2 � 3
D278A Y 40 � 18 NC 0 35 � 5 NC 0 0 � 11 33 � 5
D282K Y 120 � 30 NC 0 11 � 6 NC 0 33 � 7 27 � 5
D282A Y 47.5 � 15 NC 20 13 � 3 NC 0 13 � 2 11 � 2
E293K Y 100 � 14 NC 0 0 � 1 NC 0 0 � 1 0 � 0.5
E293A Y 137 � 65 NC 20 1 � 0.4 NC 0 41 � 10 21 � 3

a Surface expression and percent wild-type binding are expressed in comparison to wild-type CXCR3 expression and binding; means � standard deviations are shown.
% WT chemotaxis indicates the percentage of each mutants’ chemotactic index compared to the wild-type CXCR3 chemotactic index at the peak ligand concentration.
NC indicates that no IC50 value could be calculated. NA, data are not available; Y, yes.
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Y29F-CXCR3/300-19 cells. Due to the low level of chemokine
binding in the absence of competitor (�20% of wild-type CXCR3
for CXCL10), a 50% inhibitory concentration (IC50) value could
not be determined for CXCL10–Y29F-CXCR3 binding. Migra-
tion of Y27F-CXCR3/300-19 and Y29F-CXCR3/300-19 cells to
the CXCR3 ligands was reduced to background levels (Fig. 1).
These data suggest that both Y27 and Y29 are required for the
induction of chemotaxis by CXCL9, CXCL10, or CXCL11.

To determine if residues Y27 and/or Y29 were sulfated,
wild-type CXCR3, Y27F-, Y29F-, and Y27FY29F-CXCR3/
300-19 cells were incubated with sodium [35S]sulfate for 4 h.
An aliquot from each of the cell cultures demonstrated that
these receptors were expressed similarly to wild-type CXCR3
(Fig. 2A). Cell lysates were immunoprecipitated using the anti-
CXCR3 antibody 1C6 and analyzed by SDS-PAGE (Fig. 2B).
Only wild-type CXCR3 and Y29F were detectable following
labeling with [35S]sulfate. The signal intensity of Y29F-CXCR3
was approximately one-half of that of wild-type CXCR3.
Y27F-CXCR3 and Y27FY29F were not detectable. These data
demonstrate that CXCR3 is sulfated and that Y27 is sulfated
preferentially over Y29. It is likely that Y29 is also sulfated on
wild-type CXCR3 but that sulfation at this position requires a
tyrosine at position 27. A similar phenomenon was shown for
the stepwise sulfation of the four N-terminal tyrosines of
CCR5 (41). Of note, the 35S-labeled CXCR3 migrated at ap-
proximately 70 kDa, similar to our previously published results
that showed that 32P-labeled CXCR3 and unlabeled CXCR3
identified by Western blotting also migrated at 70 kDa (10).

A sulfated peptide representing the N-terminal sequence
around tyrosines 27 and 29 inhibits ligand activation of
CXCR3. To further test the importance of tyrosine sulfation in
CXCR3 function, we synthesized two peptides from CXCR3
amino acid residues 18 through 37. In the sulfated peptide,
tyrosines 27 and 29 were sulfated, while in the sulfate-free
peptide, the tyrosines were left unsulfated. Chemotaxis exper-
iments were performed to determine if these peptides could
inhibit CXCR3-mediated chemotaxis. As shown in Fig. 3, at
100 nM, 1 �M, and 10 �M, the sulfated peptide inhibited
CXCR3-mediated chemotaxis to CXCL10 and CXCL11, while
the unsulfated peptide did not inhibit CXCL10 or CXCL11
chemotaxis (Fig. 3). Neither peptide affected the migration of
CXCR3/300-19 cells to CXCL12 (data not shown). These data
demonstrate that a peptide corresponding to the CXCR3 N
terminus can act as an inhibitor of CXCR3 function and that
this inhibition requires sulfation at Y27 and/or Y29.

The proximal 16 amino acids of CXCR3 are required for
CXCL10 and CXCL11 binding. The N terminus of several
chemokine receptors has been shown to play an important role
in chemokine binding (4, 34). In order to determine the role of
the N terminus of CXCR3 in chemokine binding and signaling,
a mutant, called PF-V16-CXCR3, in which the proximal 16

FIG. 1. Chemotaxis in cells expressing CXCR3 N-terminal tyrosine
mutations. Wild-type CXCR3 and Y27F-, Y29F-, Y27FY29F-,
andY27AY29A-CXCR3/300-19 cells were activated by CXCL10,
CXCL9, and CXCL11. (A) Chemotaxis. The bars represent the mi-
gration of wild-type CXCR3/300-19, Y27F-CXCR3/300-19, Y29F-
CXCR3/300-19, or Y27FY29F-CXCR3/300-19 cells across a Neuro-
probe membrane to CXCL10, CXCL9, or CXCL11. The x axis
represents the chemokine concentration (nanomolar), and the y axis
represents the chemotactic index. The data shown are the means of
two samples, and the experiment shown is representative of three
similar experiments. Data were compared using two-way ANOVA. For
each of the mutant receptors, the curve was shifted significantly with a
P value of �0.01.

TABLE 2. Receptor internalization

Receptor
% of mutant CXCR3 compared to WT � SDa

Y27FY29F R197A R216A D278A

CXCL10 15 � 2.2** 36 � 10** 95 � 8.7 45 � 8.6**
CXCL9 12 � 7.3** 44 � 8.5** 146 � 2.9* 63 � 5.0*
CXCL11 52 � 4.5** 65 � 7.6** 120 � 6.1** 65 � 9.6**

a Percentage of mutant CXCR3 compared to wild-type CXCR3 receptor in-
ternalization � standard deviation following stimulation with CXCL10, CXCL9,
or CXCL11. Wild-type CXCR3/300-19 or mutant CXCR3/300-19 cells were
stimulated with 100 nM CXCL10, 200 nM CXCL9, or 10 nM CXCL11 for 15 min
at 37°C. Internalization was calculated by comparing receptor expression in the
presence of chemokine to receptor expression in the absence of chemokine at
15 min. �, the internalization difference was statistically significant compared to
that of wild-type CCR3 at a P value of �0.05 using Student’s t test; ��, the
internalization difference was statistically significant compared to that of wild-
type CXCR3 at a P value of �0.01 using Student’s t test.
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amino acids of CXCR3 were deleted was constructed. V16-
CXCR3 is not recognized by anti-CXCR3 antibody 1C6 (data
not shown). In order to detect V16-CXCR3 by flow cytometry,
a prolactin signal sequence and FLAG tag were cloned in
frame onto the 5	 end of this cDNA, as well as that of wild-type
CXCR3, to allow for the detection of cell surface expression
using antibodies to the FLAG epitope. The PF-V16-CXCR3
cDNA was cloned into pcDNA3.1 and stably transfected into
300-19 cells. PF-CXCR3 and PF-V16-CXCR3 cDNAs were
then subcloned into pMigR. Retroviral particles were pro-
duced and used to transduce 300-19 cells. Following retroviral
transduction, PF-V16-CXCR3 was expressed at slightly higher
levels than PF-CXCR3 (Table 1). Due to the low level of
chemokine binding to PF-V16 in the absence of competitor
(�12% of PF-CXCR3 for CXCL10 and �20% of PF-CXCR3
for CXCL11), no IC50 value for PF-V16-CXCR3/300-19 cell
binding to CXCL10 and CXCL11 could be calculated (Table 1).

PF-V16-CXCR3/300-19 cells were significantly diminished
in their ability to migrate to CXCL10 and CXCL11 but not
CXCL9 (Fig. 4A). The peak chemotactic index for migration
of PF-V16-CXCR3/300-19 cells to CXCL10 was 50% of that
for PF-CXCR3/300-19 cells, and the dose of CXCL10 required
to induce significant chemotaxis was 100-fold higher for PF-
V16-CXCR3/300-19 cells than for PF-CXCR3/300-19 cells
(Fig. 4A). CXCL11-induced chemotaxis of PF-V16-CXCR3/
300-19 cells required a 10-fold-higher dose to achieve a similar
chemotactic index as that in PF-CXCR3/300-19 cells (Fig. 4A).
These differences were statistically significant at a P value

of �0.01 using ANOVA. There was no significant change in
CXCL9-induced chemotaxis of PF-V16-CXCR3/300-19 cells
compared to that of PF-CXCR3/30019 cells. Consistent with
the chemotaxis data, there was no detectable calcium mobili-
zation following CXCL10 stimulation, minimal calcium mobi-
lization following CXCL11 stimulation, and robust calcium
mobilization in PF-V16-CXCR3/300-19 cells following CXCL9
stimulation (Fig. 4B). Similarly, the polymerization of F-actin
was not observed following CXCL10 or CXCL11 stimulation
of PF-V16-CXCR3/300-19 cells. In contrast, CXCL9 induced
the polymerization of F-actin similarly in PF-V16-CXCR3/
300-19 and wild-type CXCR3/300-19 cells (Fig. 4C). These
data, generated from three different assays for receptor func-
tion, suggest that the first 16 amino acids of CXCR3 are im-
portant for maximal CXCL10 and CXCL11 binding and acti-
vation but are dispensable for CXCL9 activation.

Acidic residues in the amino terminus are not critical for
CXCR3 function. The CXCR3 ligands are all positively
charged, and it has been shown that a single basic residue, R8,
of CXCL10 is essential for CXCR3 binding (6). We sought to
determine if charged residues in the CXCR3 N terminus were
important for interactions with its ligands. We chose to exam-
ine charged residues, E4 and E21, in the N terminus that are
conserved between murine and human CXCR3 to further an-
alyze the role of this domain in chemokine binding and acti-
vation. Lysine was substituted for these residues, thereby re-
versing the charge of the residue from negative to positive.

FIG. 2. Tyrosine sulfation of CXCR3. Wild-type CXCR3, Y27F-CXCR3, Y29F-CXCR3, and Y27FY29F-CXCR3/300-19 cells were incubated
for 4 h with [35S]sulfate. (A) Cell surface expression of wild-type CXCR3, Y27F-CXCR3, Y29F-CXCR3, and Y27FY29F-CXCR3. Following
incubation with [35S]sulfate, an aliquot of cells was stained with anti-CXCR3 antibody 1C6 conjugated to APC and analyzed by flow cytometry for
CXCR3 or CXCR3 mutant receptor cell surface expression. The x axis represents CXCR3 expression, and the y axis represents the percentage of
cells. The green line represents mock-transfected 300-19 cells, the black line represents wild-type CXCR3/300-19 cells, the purple line represents
Y27F-CXCR3/300-19 cells, the blue line represents Y29F-CXCR3/300-19 cells, and the red line represents Y27FY29F-CXCR3/300-19 cells.
(B) Immunoprecipitation of 35S-labeled CXCR3 or CXCR3 mutants as indicated. The cells were incubated for 4 h with [35S]sulfate, lysed, and
subsequently immunoprecipitated with anti-CXCR3 antibody 1C6. Immunoprecipitations were analyzed using SDS-PAGE. CXCR3 migrated at
70 kDa.
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Following stable transfection of E4K-CXCR3 into 300-19 cells,
cell surface expression was similar to that of wild-type CXCR3
(Table 1). CXCL10 and CXCL11 bound E4K-CXCR3/300-19
cells similarly to wild-type CXCR3/300-19 cells in the absence
of any competitor (Table 1). The IC50 values for CXCL10 and
CXLC11 binding to E4K-CXCR3/300-19 cells were not sta-
tistically different from those of wild-type CXCR3/300-19
cells (Table 1). Functionally, chemotaxis following CXCL10,
CXCL9, and CXCL11 stimulation was slightly diminished for
E4K-CXCR3/300-19 cells compared to that for wild-type
CXCR3/300-19 cells (Table 1). Calcium mobilization follow-
ing CXCL10, CXCL9, and CXCL11 stimulation, however, was
similar for E4K-CXCR3/300-19 cells and wild-type CXCR3/

300-19 cells (data not shown). These data suggest that residue
E4 is not required for CXCL10, CXCL9, and CXCL11 binding
and function.

E21K was also introduced into the CXCR3 N terminus.
Following stable transfection of E21K-CXCR3 into 300-19
cells, cell surface expression was similar to that of wild-type
CXCR3 (Table 1). CXCL10 and CXCL11 bound E21K-
CXCR3/300-19 cells similarly to wild-type CXCR3/300-19 cells
in the absence of any competitor (Table 1). The IC50 values for
CXCL10 and CXLC11 binding to E21K-CXCR3/300-19 cells
were not statistically different from those of wild-type CXCR3/
300-19 cells (Table 1). Chemotaxis induced by CXCL10,
CXCL9, and CXCL11 was slightly diminished for E21K-CXCR3/

FIG. 3. Inhibition of CXCR3-mediated chemotaxis by a sulfated N-terminal peptide of CXCR3. Sulfated (tyrosine residues 27 and 29) and
nonsulfated peptides corresponding to amino acid residues 18 to 37 of the N terminus of CXCR3 were synthesized. Chemokines were combined
with peptides at the indicated concentrations. Migration of wild-type CXCR3/300-19 cells across the Neuroprobe membrane in response to
CXCL10, CXCL11, and CXCL12 at the indicated concentrations in the presence or absence of the peptides at the indicated concentrations was
measured. The data shown are the means of two samples, and the experiment shown is representative of four similar experiments.
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300-19 cells compared to that for wild-type CXCR3/300-19 cells
(Table 1). Calcium mobilization following CXCL10, CXCL9, and
CXCL11 stimulation, however, was similar for E21K-CXCR3/
300-19 cells and wild-type CXCR3/300–19cells (data not
shown). These data suggest that E21 has a minimal role in
CXCR3 function.

R216 in the second extracellular loop is required for CXCR3
activation. There are three conserved basic residues in the
second extracellular loop of CXCR3: R197, R212, and R216.
To determine the role of these residues in CXCR3 ligand
binding and receptor function, alanines were substituted for
each of these residues, and 300-19 cells expressing the mutant
receptors were analyzed.

Following stable transfection of pcDNA3.1, encoding
R216A-CXCR3, into 300-19 cells, the receptor was expressed
similarly to wild-type CXCR3 (Table 1). CXCL10 and
CXCL11 bound R216A-CXCR3/300-19 cells similarly to wild-
type CXCR3/300-19 cells (Table 1). CXCL10-, CXCL9-, and
CXCL11-induced chemotaxis of R216A-CXCR3/300-19 cells
was significantly reduced compared to that of wild-type
CXCR3/300-19 cells (Fig. 5). There was only minimal calcium
flux following CXCL10 or CXCL11 stimulation and no calcium
flux following CXCL9 stimulation of R216A-CXCR3/300-19
cells (Fig. 5). These data demonstrate that while R216 plays a
minimal role in ligand binding, it plays a major role in the
activation of chemotaxis.

Internalization of R216A-CXCR3. To further dissect the
role of R216 in CXCR3 function, receptor internalization
assays were performed. CXCL10-induced R216A-CXCR3
internalization was indistinguishable from wild-type CXCR3
internalization, while CXCL9- and CXCL11-induced R216A-
CXCR3 internalization was slightly enhanced compared to
that of wild-type CXCR3 (Table 2). In contrast, ligand-induced
internalization of mutant CXCR3 receptors that have dimin-
ished ligand binding was significantly diminished compared to
ligand-induced wild-type CXCR3 and R216A-CXCR3 inter-
nalization (Table 2). These results demonstrate that while
R216 plays an important role in activating chemotaxis and
calcium mobilization, it plays no role in facilitating receptor
internalization.

R197 and R212. R197A-CXCR3 and R212A-CXCR3 were
expressed similarly to wild-type CXCR3 on 300-19 cells (Table
1). No detectable CXCL10 or CXCL11 binding to R197A-
CXCR3 was observed (Table 1). There was no significant de-
tectable chemotaxis following CXCL10, CXCL9, or CXCL11
stimulation of R197A-CXCR3/300-19 cells (Table 1). Al-
though calcium mobilization of the cells expressing mutated

FIG. 4. PF-V16-CXCR3-mediated chemotaxis and calcium mobilization. Wild-type PF-CXCR3/300-19 and PF-V16-CXCR3/300-19 cells were
activated by CXCL10, CXCL9, and CXCL11. (A) Chemotaxis. The bars represent the migration of wild-type PF-CXCR3/300-19 cells (black bars)
or PF-V16-CXCR3/300-19 cells (gray bars) across a Neuroprobe membrane to CXCL10, CXCL9, or CXCL11. The x axis represents the chemokine
concentration (nanomolar), and the y axis represents the chemotactic index. The data shown are the means of two samples, and the experiment
shown is representative of five similar experiments. Data were compared using two-way ANOVA. For significant shifts in the chemotaxis curves,
P values are indicated in the figure. (B) Calcium mobilization. Wild-type PF-CXCR3/300-19 and PF-V16-CXCR3/300-19 cells were loaded with
Fura-2 and activated with 10 nM CXCL10, CXCL9, or CXCL11 at 60 s as indicated. The curves show the ratio of the 510-nm emissions after
activation at 340 nm and 380 nm. The plots are representative of three experiments. (C) F-actin polymerization. Wild-type PF-CXCR3/300-19 cells
or PF-V16-CXCR3-CXCR3/300-19 cells were activated with CXCL10, CXCL9, or CXCL11 (10 nM) for the indicated times. The activated cells
were stained for F-actin polymerization with phalloidin-APC and analyzed by flow cytometry. The left-hand panels show representative histogram
plots of F-actin staining of PF-wild-type-CXCR3 or PF-V16-CXCR3. The black curves represent F-actin staining in the absence of chemokine, and
the red curves represent F-actin staining following the addition of 10 nM CXCL10 or CXCL11 for 30 s. The data shown in the bar graphs are the
mean fluorescence indices of two samples, and the experiment shown is representative of three similar experiments.

FIG. 5. R216A-CXCR3-mediated chemotaxis and calcium mobili-
zation. Wild-type CXCR3/300-19 and R216A-CXCR3/300-19 cells
were activated by CXCL10, CXCL9, and CXCL11. (A) Chemotaxis.
The bars represent the migration of wild-type CXCR3/300-19 cells
(black bars) or mutant CXCR3/300-19 cells (gray bars) across a Neu-
roprobe membrane to CXCL10, CXCL9, or CXCL11. The x axis
represents the chemokine concentration (nanomolar), and the y axis
represents the chemotactic index. The data shown are the means of
two samples, and the experiment shown is representative of four sim-
ilar experiments. Data were compared using two-way ANOVA. For
significant shifts in the chemotaxis curves, P values are indicated in the
figure. (B) Calcium mobilization. Wild-type CXCR3/300-19 or R216A-
CXCR3/300-19 cells were loaded with Fura-2 and activated with 10 nM
CXCL10, CXCL9, or CXCL11 at 60 s as indicated. The curves show
the ratios of the 510-nm emissions after activation at 340 nm and 380
nm. The plots are representative of five experiments. Simultaneously,
wild-type CXCR3/300-19 cells were stimulated by CXCL10, CXCL9,
or CXCL11 and CXCL12 with curves similar to those shown in Fig. 1
(data not shown).
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CXCR3 was normal following CXCL12 stimulation, there was
no detectable calcium mobilization following CXCL10, CXCL9,
or CXCL11 stimulation (data not shown). Ligand-induced
R197A-CXCR3 internalization was significantly diminished com-
pared to wild-type CXCR3 internalization (Table 2). There was
no significant detectable chemotaxis following CXCL10 or
CXCL9 stimulation of R212A-CXCR3/300-19 cells, although at
10 nM CXCL11, minimal chemotaxis was found (Table 1 and
data not shown). There was no detectable calcium mobilization
following CXCL10, CXCL9, or CXCL11 stimulation (data not
shown). These results suggest a role for R197 and R212 in
CXCR3 binding to CXCL10, CXCL9, and CXCL11.

The first and third extracellular loops. In order to deter-
mine the role of the conserved charged residues in the first and
third extracellular loops of CXCR3, substitutions were intro-
duced, changing these residues to either lysine or alanine. The
charged residues included D112, D278, D282, and E293. In
each case, the mutant receptors were expressed similarly to
wild-type CXCR3 on the cell surface of 300-19 cells (Table 1).
No significant CXCL10 or CXCL11 binding to the mutant
CXCR3/300-19 cells was observed (Table 1). Similarly, the
ability of the CXCR3 ligands to activate each of these recep-
tors was dramatically reduced (Table 1). Substitutions at D112
and D278 dramatically reduced CXCR3 function (Table 1 and
data not shown). Substitution mutations at positions D282 and
E293 similarly abrogated CXCL10 and CXCL9 activity but did
not completely eliminate CXCL11 activity (Table 1). These
results suggest that D112 and D278 are important for binding
and activation by all three CXCR3 ligands, while D282 and
E293 are important for activation by CXCL9 and CXCL10 but
are less important for CXCL11 activation.

To exclude the possibility that differences in receptor func-
tion could be a result of differential metabolism and trafficking
through cellular compartments, we measured total and cell
surface wild-type CXCR3 and mutant CXCR3 expression in
stably transfected 300-19 cells. We found that there were no
significant differences in the ratio of cell surface to total re-
ceptor expression between wild-type CXCR3 and any of the
mutant receptors studied (data not shown). These data make it
less likely that altered intracellular trafficking of the mutant
receptors is responsible for the observed phenotypes.

DISCUSSION

Insights into the mechanism of chemokine receptor activa-
tion offer clues into targets for interfering with cell trafficking.
In this study, we explored the contributions of each of the
extracellular domains of CXCR3, an inflammatory chemokine
receptor found predominantly on T cells, in ligand binding and
receptor function. We constructed mutants of human CXCR3
at predominantly charged residues that are conserved between
human and murine CXCR3. Cell lines stably expressing similar
levels of wild-type and mutant CXCR3 receptors were estab-
lished, thereby facilitating direct comparisons of the binding
and function of these receptors.

In summary, our data show that all four of the extracellular
domains of CXCR3 are important for binding to its ligands
and support a model of CXCR3 binding that requires ligand
interactions with at least one sulfated tyrosine in the N termi

nus and receptor activation that requires an interaction with
amino acid residue R216 in the second extracellular loop (Fig. 6).

Tyrosine sulfation is critical for CXCR3 function. Our data
using tyrosine substitution mutants and sulfated and nonsul-
fated CXCR3 N-terminal peptides highlight the importance of
CXCR3 sulfation for binding its ligands. Of note, tyrosines 27
and 29 are conserved between murine, human, rat, cow, and
goat CXCR3 (28, 35, 46). Despite revealing the importance of
tyrosine sulfation at CXCR3 residues Y27 and Y29, our data
do not rule out the possibility of other potentially important
posttranslational modifications near these residues. To date,
five other chemokine receptors have been reported to be sul-
fated on their N termini: CXCR4, CCR2, CCR5, CCR8, and
CX3CR1 as well as the Duffy antigen receptor for chemokines
(Table 3) (7, 15, 16, 18, 21, 37). Sulfation of these receptors has
been shown to be essential for chemokine binding and, in the
case of CCR5 and CXCR4, for their function as human im-
munodeficiency virus type 1 coreceptors. Additionally, by using
a computer program that identifies potential tyrosine sulfation
sites (33) to analyze the sequences of all of the known chemo-
kine receptors, we found that CXCR6, CCR1, and CCR10 may
also contain sulfated residues in their N termini (Table 3).
Together, these data show that tyrosine sulfation is a common
posttranslational modification of C-C, C-X-C, and C-X-X-X-C
chemokine receptors. It is notable that the receptors that have
been shown to be sulfated, or are predicted to be sulfated, are
generally considered lymphocyte chemokine receptors. In con-
trast, those that are considered granulocyte chemokine recep-
tors have not been shown or predicted to be sulfated. One
possible explanation for this observation is that lymphocytes
have fewer heparan sulfate proteoglycan chemokine binding
sites on their surface than other leukocytes (30, 44). Sulfation
of lymphocyte chemokine receptors may compensate for the
relative paucity of negatively charged glycosaminoglycans on
the lymphocyte cell surface and allow basic chemokines to
dock with the receptor’s N terminus prior to activating the
receptor through the second extracellular loop.

Our data also demonstrate that a sulfated peptide corre-
sponding to the CXCR3 N terminus around tyrosines 27 and
29 can block CXCR3-mediated chemotaxis. Previously, a pep-
tide corresponding to the N terminus of CX3CR1 has been
shown to bind CX3CL1 (fractalkine) only when sulfated; how-
ever, inhibition of CX3CL1 function by the sulfated peptide
was not shown (18). To our knowledge, our study is the first
report showing that a sulfated synthetic peptide corresponding
to the N terminus of a chemokine receptor can inhibit chemo-
kine receptor function. These data suggest that a sulfated pep-
tidomimetic small molecule inhibitor may be useful as a phar-
macological agent to block CXCR3 function.

CXCR3 activation is a two-step mechanism. Our data show
that CXCL10, CXCL9, and CXCL11 bind the N terminus of
CXCR3 at the sulfated tyrosine residues. These chemokines
also require additional interactions in the first and third extra-
cellular loops of CXCR3 for stable binding. CXCL10 and
CXCL11 further require the proximal N terminus for stable
binding. Following high-affinity binding of these chemokines to
CXCR3, they then interact with R216 in the second extracel-
lular loop to activate the receptor. A similar model of a two-
step mechanism for chemokine binding and activation has
been proposed for other chemokine receptors (34, 42). Our

5846 COLVIN ET AL. MOL. CELL. BIOL.



data demonstrate that the second step of CXCR3 activation is
not required to induce receptor internalization, suggesting that
the mechanisms of chemotaxis and receptor internalization are
separable. Previously, we have shown that there are two dis-
tinct mechanisms of CXCR3 internalization: CXCL10- and
CXCL9-induced internalization proceeds through a �-arrestin
1- and C terminus-dependent pathway, while CXCL11-in-
duced CXCR3 internalization requires the third intracellular
loop of CXCR3 and proceeds independently of �-arrestin 1
and 2 and the C terminus (10). Activation of CXCR3 through
R216 is not important to induce CXCR3 internalization
through either of these pathways. In contrast to the activation of
chemotaxis and calcium mobilization, we have not identified any
specific residues or domains that are essential for the induction of
CXCR3 internalization apart from those required for high-affinity
ligand binding.

FIG. 6. CXCR3 residues important for ligand binding and activation. Residues highlighted in red were required for CXCL9, CXCL10, and
CXCL11 binding. Residues in yellow were required only for CXCL10 and CXCL11 binding, while residues in green were required only for CXCL9
and CXCL10 binding. Residue R216, highlighted in purple, was required for CXCL9-, CXCL10-, and CXCL11-induced CXCR3-mediated
chemotaxis but not for ligand binding or receptor internalization.

TABLE 3. Chemokine receptors that are known or predicted
to be sulfated at their N termini

Receptor Predicted
sulfation site(s)

Predominant
cell type(s)a

Reference
or source

CXCR3 Y27, Y29 Th1-activated T cells,
NK cells, monocytes

This study

CXCR4 Y21 Lymphocytes 15
CXCR6 Y6 Activated T cells, NK T

cells
None

CCR1 Y10, Y18 Monocytes, activated T
cells

None

CCR2 Y26, Y28 Monocytes, macrophages 37
CCR5 Y3, Y10, Y14, Y15 Th1-activated T cells,

monocytes, DCs
16

CCR8 Y2 T cells in the thymus,
Th2-activated T cells

21

CCR10 Y23, Y24, Y25, Y27 Activated T cells, B cells None
CX3CR1 Y14 Monocytes, DCs, T cells,

NKT cells
18

DARC Y30, Y41 RBCs 7

a DCs, dendritic cells; RBCs, red blood cells.
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Charged residues in CXCR3 are essential for interactions
with its ligands. We have previously shown that positively
charged residues in CXCL10 are essential for CXCR3 binding
and activation (6). Furthermore, CXCL9 and CXCL11 are also
positively charged ligands, suggesting that CXCR3-ligand in-
teractions may be based in large part on charge. The data in
our present study show that the negatively charged conserved
residues in the first and third extracellular domains of CXCR3
are important in ligand binding and activation. Substitutions of
the positively charged residues R197 and R212 in the second
extracellular loop resulted in a receptor that did not bind any
of the CXCR3 ligands or mediate chemotaxis or calcium flux
following ligand stimulation. R197 and R212 clearly have a
distinct role from R216 in CXCR3 function. Data from the
loss-of-function CXCR3 substitution mutations cannot distin-
guish direct interactions of charged residues with ligands from
disruptions in the structure of CXCR3. All of the mutant
receptors reported are recognized on the cell surface by 1C6, a
monoclonal antibody raised against the CXCR3 N terminus,
suggesting that the N terminus and the first trans-membrane
domain of these mutants are intact. Furthermore, CXCL11 can
partially activate D282A-CXCR3 and E293-CXCR3, suggest-
ing that these receptors have an intact structure.

It has been suggested that the CXCR3-CXCL10 interaction
results from hydrophobic interactions (5). However, in that
study, important interactions based on charge would not be
observed because CXCR3 was represented by a nonsulfated
N-terminal peptide consisting of residues 22 through 42. Fur-
thermore, the peptide-CXCL10 Kd was measured to be 2 �M,
which is at least 1,000-fold higher than the Kd for the CXCR3-
CXCL10 interaction (11). While hydrophobic interactions may
play a role in the CXCR3-CXCL10 interaction, our data sup-
port an essential role for charged residues for the interaction
of CXCL10, as well as CXCL9 and CXCL11, with full-length
cell surface-expressed CXCR3.

CXCR3 domain exchange experiments. Previously, a molec-
ular characterization of the CXCR3 extracellular domains was
undertaken using domain-swapping experiments whereby the
extracellular domains of CXCR3 were exchanged with those of
CXCR1 (47). In this model, the CXCR3 N terminus was shown
to be important for CXCL10 and CXCL11 binding, and the
second extracellular loop was shown to be important for re-
ceptor activation. Our data confirm and extend that study
significantly, as we now identify specific residues in all four
extracellular domains that are required for ligand binding and
identify the specific residue in the second extracellular loop
required for receptor activation.

In summary, the N terminus of CXCR3 is sulfated, and that
sulfation is required for binding and activation by all three
ligands. In addition, negatively charged residues in the first and
third extracellular domains of CXCR3 contribute to ligand
binding. Furthermore, while R216 in the second extracellular
domain plays no role in CXCL10 or CXCL11 binding or li-
gand-induced internalization, this residue is required for the
activation of chemotaxis by all three CXCR3 ligands. These
data suggest a model in which sulfated tyrosines and negatively
charged residues play an important role in tethering the basic
CXCR3 ligands to the receptor. Once bound to CXCR3, the
ligands must interact with R216 to activate the receptor to
induce chemotaxis. These insights into CXCR3 ligand binding

and activation may be helpful in designing inhibitors specifi-
cally targeting CXCR3-mediated inflammation.
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